Animal models are widely used to examine the neurophysiological basis of human pitch 2 perception, and it is therefore important to understand the similarities and differences in pitch 3 processing across species. Pitch discrimination performance is usually measured using two-4 alternative forced choice (2AFC) procedures in humans and go/no-go tasks in animals, 5 potentially confounding human-to-animal comparisons. We have previously shown that pitch 6 discrimination thresholds of ferrets on a 2AFC task are markedly poorer than those reported for 7 go/no-go tasks in other non-human species (Walker et al., 2009). To better compare the pitch 8 discrimination performance of ferret with other species, here we measure pitch change detection 9 thresholds of ferrets and humans on a common, appetitive go/no-go task design. We found that 1 0 ferrets' pitch thresholds were ~10 times larger than that of humans on the go/no-go task, and
2AFC pitch direction judgment task 1
Five ferrets (1 male) were trained on a series of training tasks in order to shape their behavior for 2 a 2AFC pitch discrimination task. Three of these animals (namely, F1, F2 and F3) were naïve to 3 training, and their performance on the 2AFC task has been previously reported in detail (Walker 4 et al., 2009) . Here, we report on only the subset of their testing sessions in which the F0 of the 5 reference was 400 Hz (±10 Hz). The 2 other animals (namely, F4 and F5) trained on this task 6 were first trained on the go/no-go task described below. The same apparatus and stimuli were 7 used for the go/no-go and 2AFC tasks. water reward (0.1-0.2 ml). Two artificial vowel sounds were presented following the center nose-1 6 poke: a 400 Hz reference vowel (200 ms duration), followed by a target vowel (500 ms duration) 1 7 that varied in F0 from trial-to-trial. The ferret was required to respond to the target vowel at one 1 8 of the two peripheral nose poke holes, depending on the relative F0 of the target and reference. If 
Human psychophysical testing 3
The pitch discrimination thresholds of 5 adult humans (3 female, 2 male, ages 19-31) were 4 measured on go/no-go and 2AFC tasks designed to be very similar to those executed by the 5 ferrets. The task order was counterbalanced across subjects. Testing took place inside a sound-6 attenuated booth (Industrial Acoustics Company, Winchester, UK) and stimuli were presented 7 diotically through headphones (HD 25-1; Sennheiser UK Ltd, High Wycombe, UK). Subjects 8 made responses by pressing keys on a computer keyboard, and feedback was given visually on a 9 computer monitor after each trial ("correct" or "incorrect"). Otherwise, the two human 1 0 psychophysical tasks were procedurally identical to those used to test ferrets' pitch thresholds.
1
The same artificial vowel sounds were used as stimuli in all tasks, and these were presented with 1 2 the same level randomization (65-80 dB SPL) across trials as used in the ferrets' tasks. In the 1 3 human go/no-go task, vowels were 250 ms in duration and 2-6 references preceded the target on Each task was explained to the subject by the experimenter, and the subject was then given a 1 7 limited number (n ≈ 25) of practice trials to ascertain that they understood the procedure before 1 8 psychophysical testing commenced. On the go/no-go task, the subject was asked to respond as 1 9 quickly as possible without making errors to a change in the pitch of the repeating sound. For the 2 0 2AFC task, they were instructed to indicate whether the target sound was higher or lower in pitch 2 1 than the reference. Humans perform much better than ferrets on pitch discrimination tasks, so the pitch differences 2 presented to humans were smaller than those required to estimate ferrets' difference thresholds.
3
The exact pitch differences presented to each subject were chosen based on each individual's 4 performance on practice trials prior to testing. In order to match the task design used for ferrets,
5
we did not use an adaptive procedure but instead chose values based upon subjects' performance 6 in the first 50-100 trials. 
Data analysis

8
Data were pooled across behavioral sessions for each subject for the purposes of analysis.
9
Chance performance on the 2AFC task was 50%. Chance performance on the go/no-go task was 1 0 generally lower than this, but is more difficult to calculate as it depends on both the animal's excluded 2AFC sessions in which the ferret performed <60% of trials correctly, and go/no-go 1 7
sessions in which either <40% of trials were performed correctly or the false alarm rate was 1 8 >65%. These exclusion criteria led us to discard a small number of sessions in which well-1 9 trained animals performed the task poorly overall. 
14
On the 2AFC task, responses at each pitch difference were expressed as a percentage of "pitch 1 increase" judgments (i.e. right spout choices). These observed values were then fitted, using 2 generalized linear model regression for binomial distributions, to a cumulative logistic 3 distribution function. The F0 difference threshold for the 2AFC task was calculated as the F0 4 difference required for the subject to achieve 76.02% correct performance, which corresponds to 5 a discriminability index (d') value of 1 on the equivalent change detection task (Wickens, 2002) .
For the go/no-go task, the hit rate for each target F0 condition was calculated as the proportion of 8 trials on which the subject correctly responded to the target in the appropriate response window 9 (i.e., the Hit rate). The False Alarm rate was calculated as the proportion of erroneous responses 1 0 on catch trials. Discriminability of each target can be expressed as d', calculated as:
where Z is the inverse of the cumulative Gaussian distribution (Green and Swets, 1974) . Pitch difference thresholds for the go/no-go task were initially calculated separately for sessions
in which the F0 of the target increased compared the reference, and those in which the F0 1 6 decreased. Discriminability performance for pitch increases was calculated as d' using Eq.1, and that for full target F0 range. These raw values were then fitted using Maximum Likelihood Estimation to 2 1 the following logistic function: Pitch difference thresholds were compared across tasks within the same subjects using paired Mann-Whitney U tests (U), and across different subject groups using Wilcoxon Rank Sum tests 7 (T). An alpha of 0.05 was used throughout as criterion for statistical significance. Five naïve ferrets were trained to detect an F0 change in a repeating artificial vowel sound. On Rejections were rewarded with water, whereas False Alarms and Misses resulted in a time-out.
5
Both Hit and False Alarm rates increased throughout the sound sequence (Fig. 3A ). These
response rates were relatively consistent across individual animals ( Fig. 3A ; symbols), but were other two animals, trials consisted of no more than 5 sounds in the sequence, and therefore there
was a greater probability of targets occurring in the third or fourth sound in the sequence.
1 Accordingly, these ferrets false alarmed to the fourth sound in the sequence at a rate of near 2 40%, while their hit rate for targets in this position was over 90% ( In our go/no-go task, ferrets could correctly respond to the pitch change any time following the 9 onset of the target sound through to the end of the following reference sound. They were thus crosses) were measured in separate behavioral sessions, and so pitch thresholds were initially 2 2 estimated separately from each of these two datasets. In these analyses, pitch change detection
was found not to differ significantly between F0 increases and decreases ( Fig. 5A ; T = 3, p = 1 0.313). Therefore, for all subsequent analyses, an overall F0 difference threshold was calculated 
Pitch direction judgments in ferrets 7
Five ferrets were trained to discriminate pitch increases from decreases on a 2AFC task. On each 8 trial, an artificial vowel sound was presented at a set "reference" F0, followed by a "target" 9 vowel that varied in F0 across trials (Fig. 1B ). Ferrets were required to respond to the target by The F0 change detection threshold was 14.4 ± 4.1 Hz (mean ± SEM) on the go/no-go task, which 2 0
is over an order of magnitude better than the pitch difference threshold measured on the 2AFC other 5 animals, suggesting that some of the procedural learning they acquired on the go/no-go 1 0
task (e.g. how to nose-poke at spouts to trigger sounds and receive rewards) transferred to the 1 1 2AFC task. We did not find a significant difference between the two tasks in either the number of trials (T = criterion. Therefore, our data suggest that the pitch threshold differences are unlikely to be due to 1 6 differences in the acquisition demands of the two tasks. [ Figure 5 here]
The F0 discrimination performance of these 2 animals (denoted with symbols "+" and "x") was False Alarm rates of humans were much lower than in the ferrets, while the Hit rates were also 9 generally lower. Therefore, ferrets are more likely to "go" when unsure of a pitch change, 1 0 whereas the human strategy appears to adhere to a higher criterion. This is consistent with the which it decreased (2.9 ± 0.9 Hz; T = 4, p = 0.438). [ Figure 6 here] procedures were used to derive difference thresholds from the ferret and human data, so that 1 these values could be directly compared. In contrast to ferrets, which performed much better on 2 the go/no-go than the 2AFC paradigm, the F0 thresholds of human listeners were found not to In Fig. 8 , the thresholds of ferret and human listeners are plotted side-by-side. Note that a log-Hz 9 scale is used. Humans' pitch thresholds were much better than those of ferrets on the 2AFC pitch 1 0 direction judgment task (U = 40, p = 0.008). In fact, the average threshold of ferrets on this task human listeners again performed significantly better than ferrets on the go/no-go task (U = 40, p 1 5 = 0.008). The comparison commonly drawn by previous studies is that of human performance on 1 6 a 2AFC pitch discrimination task and animals' performance on a comparable go/no-go version of 1 7 the task. By this comparison, we again found that the pitch discrimination of our human listeners
was better than that of ferrets (U = 40; p < 0.008), with average thresholds of ferrets and humans
being approximately an order of magnitude apart (14.4 versus 1.1 Hz, respectively). 
Comparisons of pitch discrimination performance between two tasks and two species 2
The majority of behavioral investigations of sound discrimination in animals have used go/no-go 3 change-detection paradigms (Elliott et al., 1960; Heffner et al., 1969; Heffner et al., 1971; 4 Massopust et al., 1971; Stebbins, 1973; Nelson and Kiester, 1978; Prosen et al., 1989) , and so it 5 has previously been unclear whether estimates of perceptual acuity (e.g. pitch difference 6 thresholds) would depend on the type of task used. The present study demonstrates that the 7 choice of behavioral task does, in fact, greatly affect the acuity threshold measured; ferrets' pitch 8 difference thresholds on a 2AFC high/low identification task are up to 10 times higher than their 9 thresholds on a go/no-go change detection task in which the same stimuli are presented. Psychophysical studies in adult human subjects commonly employ a 2AFC task in which two 1 2 consecutive sounds are presented on each trial and the subject is asked to report whether the first 1 3 or second sound is higher in pitch (Moore, 1973; Wier et al., 1977; Won et al., 2010) . Such tasks 1 4
have several advantages: they are trivial for human subjects to learn; each trial is quick to 1 5 perform; they provide easily derivable difference thresholds; and, importantly, they are free from go tasks (Elliott et al., 1960; Fay, 1988; Shofner, 2000) , without knowledge of how thresholds 1 might vary across these two tasks within species.
3
We found that human F0 difference thresholds did not differ significantly between our 2AFC and 4 go/no-go pitch discrimination tasks. Sinnott et al. (1992) and Klinge and Klump (2009) also 5 found that humans' thresholds on a go/no-go version of sound discrimination tasks were within 6 the range of those reported by previous studies that used 2AFC designs (Lee and Green, 1994; 7 Moore, 1973; Moore et al., 1985; Wier et al., 1977) . We further show that, unlike humans,
ferrets' performance differed drastically across these two task types. Ferrets could detect a 3% 9 change in the reference F0 during the go/no-go task, but on average required a 73% F0
1 0 difference to reach criterion on the 2AFC task. Therefore, the threshold differences across these 1 1 tasks appear to be small for human listeners, but marked for our animal model. that are so often made by previous studies? It suggests that differences between human 2AFC 1 5
and animal go/no-go discrimination performance may well approximate differences in the ability 1 6
of these species to detect a change in a stimulus parameter (i.e. performance of humans and
animals on a common go/no-go task). However, such a comparison may grossly underestimate 1 8
the differences between humans and animals in judging the direction of a pitch change. It is better practice instead to test all species under study using tasks that are as similar as possible in 2 0 design and perceptual requirements, and with low cognitive loads. 
23
The poor performance of ferrets on the 2AFC task, compared to the go/no-go task, may result 1 from task differences in cognitive demands (that is, the 2AFC may simply be a more 2 procedurally difficult to learn), perceptual demands (labeling pitch shifts may be more 3 perceptually challenging than detecting a pitch change), or motivation to perform the task. We 4 will consider each of these possibilities in turn.
6
Cognitive demands 7
In our 2AFC task, the ferrets must label a pitch change as "high" or "low" on each trial by 8 choosing between one of two possible responses. To successfully complete this task, they must 9 attend to the stimuli, identify the type of pitch change ("increase" versus "decrease"), map this high and low pitch systematically onto different behavioral responses creates a cognitive task 1 6
demand, which could limit ferrets' performance of the 2AFC task independent of their perceptual 1 7
acuity. Simulated models have suggested that inattention can affect performance on 2AFC tasks 1 8 more severely than on go/no-go tasks (Green, 1995) , so it is possible that inattention in ferrets might have contributed to the task-dependency we observed. It is widely held that that go/no-go tasks are less cognitively demanding than their 2AFC 2 2 counterparts, and this view is supported by studies showing that animals learn to make sound 2 3 24 quality discriminations on the former task much more quickly than the latter (Lawicka, 1964; 1 Burdick, 1980) . In contrast, we found no difference in the number of sessions or trials required 2 by ferrets to learn these two pitch discrimination tasks. The number of trials required for task 3 acquisition depend, however, on the stimulus comparisons required as well as the training 4 procedures, apparatus design and type of reinforcement used. These factors vary considerably 5 from study to study. Consequentially, acquisition times are not ideally suited for comparing the 6 cognitive demands of the final testing task itself. Therefore, while our tasks were well matched 7 in acquisition times, this does necessarily imply that the cognitive demands of the final go/no-go 8 and 2AFC tasks were matched in cognitive load.
Perhaps a more relevant observation for this argument is that the ferrets performed the 2AFC 1 1 task correctly on 80-100% of trials when the pitch discrimination was perceptually easiest ( Fig.   1  2 2). This indicates that the animals were capable of reliably associating the direction of pitch shift 1 3
with the appropriate response type when perceptual uncertainty was low. 
Perceptual demands 1 6
Given the above observations, we think it is unlikely that differences in cognitive demands alone 1 7
can account for ferrets' higher thresholds on the 2AFC task. Differences in the perceptual 1 8
demands of the two tasks may also play a role. On the go/no-go task, it is sufficient to detect that 1 9
the pitches of two consecutive stimuli are not the same. In the 2AFC task, the animals must 2 0 identify whether the second pitch is "higher" or "lower" than the first. Identifying the direction of Creelman and Macmillan, 1979; Neuhoff et al., 2002; Semal and Demany, 2006) . By contrast,
3
we found that humans did not produce significantly different F0 thresholds on a pitch change 4 detection task and 2AFC pitch direction judgment task, although our go/no-go task was 5 procedurally very different from the AFC same/different tasks employed by the above authors.
6
This again emphasizes the dependence of pitch discrimination thresholds on task design.
8
The prior experience of the subjects is another factor that needs to be considered since Semal and 9
Demany (2006) found that among subjects with extensive musical experience, who are likely to showed that neurological patients with damage to right Heschl's gyrus could detect changes in 1 6
the frequency of tones as well as healthy controls, but were impaired in reporting whether these than a frequency change detection task. when the task requires it, ferrets can be trained to judge the relative frequencies of pure tones. It 6 therefore seems that ferrets, like birds (Dooling et al., 1987; Hulse and Cynx, 1985; Page et al., 7 1989) and non-human primates (Brosch et al., 2004; D'Amato, 1988) , can make relative It is also remains possible that anatomically overlapping but physiologically distinct neural been shown to be monotonically modulated by the repetition rate of complex sounds 1 5 (Eggermont, 1991; Steinschneider et al., 1998; Bendor and Wang, 2010; Bizley et al., 2010) .
6
Bendor and Wang (2010) have suggested that these responses may provide the neural signal for resolve whether a neural substrate exists for the differences in performance we observe here on
2AFC and go/no-go tasks. Masterton, 1997). 
CONCLUSIONS 1 6
Experiments that combine behavioral training with electrophysiological recordings and neural 1 7 deactivation in animals hold promise for elucidating the neural substrates of pitch perception.
8
However, before embarking on such studies, it is important to appreciate which perceptual 1 9
abilities are assessed via behavioral tasks. This study has shown that two classic 2AFC and 2 0 go/no-go task designs result in pitch discrimination thresholds that differ substantially in 
